Chromatin featuring the H3 variant CENP-A at the centromere is critical for its mitotic function and epigenetic maintenance. Assembly of centromeric chromatin is restricted to G1 phase through inhibitory action of Cdk1/2 kinases in other phases of the cell cycle. Here, we identify the two key targets sufficient to maintain cell cycle control of CENP-A assembly. We uncovered a single phosphorylation site in the licensing factor M18BP1 and a cyclin A binding site in the CENP-A chaperone, HJURP, mediating specific inhibitory phosphorylation. Simultaneous expression of mutant proteins lacking these residues, results in complete uncoupling from the cell cycle. Consequently, CENP-A assembly is fully recapitulated under high Cdk activities, indistinguishable from G1 assembly. We find that Cdk-mediated inhibition is exerted by sequestering active factors away from the centromere. Finally, we show that displacement of M18BP1 from the centromere is critical for the assembly mechanism of CENP-A.
Introduction
Centromeres are chromosomal loci that drive faithful genome segregation during mitotic division (Allshire and Karpen, 2008) . The functional foundation of the centromere is established by a specialized chromatin structure that features the histone H3 variant CENP-A (Black and Cleveland, 2011) . This CENP-A-based chromatin domain provides a structural platform for formation of the kinetochore which links chromosomes to spindle microtubules during mitosis (Cheeseman and Desai, 2008; Foltz et al., 2006; Okada et al., 2006) . In addition, CENP-A ensures stable maintenance of centromere position through an epigenetic, self-propagating feedback loop (Black and Cleveland, 2011; Gómez-Rodríguez and Jansen, 2013) . Support for the epigenetic nature of the centromere comes from naturally occurring neocentromeres (Amor et al., 2004; Marshall et al., 2008) , where centromere proteins vacate the original centromeric DNA sequence and assemble heritably on previously naïve chromatin. In addition, ectopic targeting of CENP-A or proteins of the centromere complex to a non-centromeric locus was shown to be sufficient to initiate a functional and heritable centromere (Barnhart et al., 2011; Hori et al., 2013; Mendiburo et al., 2011) . Consistent with a key role at the core of a positive epigenetic feedback loop, CENP-A nucleosomes are long lived and are maintained through multiple cell divisions (Bodor et al., 2013; Jansen et al., 2007) . The unusually slow turnover of CENP-A at each centromere (Falk et al., 2015) indicates that replenishment is either equally slow or is limited in time and tied to CENP-A redistribution following DNA replication. Indeed, in metazoans, assembly of newly synthesized CENP-A is directly linked to cell cycle progression and is initiated during mitotic exit and restricted to early G1 phase of the cell cycle (Jansen et al., 2007; Schuh et al., 2007 ).
Previously we showed that brief inhibition of cyclin dependent kinase 1 and 2 (Cdk1/2) activities is sufficient to drive CENP-A deposition prior to mitotic exit (Silva et al., 2012) . This has led to a model where the CENP-A assembly machinery is present and poised for activity but is kept inactive throughout S, G2 and M phase, until mitotic exit when activities of Cdk1/2 drop, concomitant with the onset of CENP-A deposition. Key proteins necessary for the process of CENP-A deposition include the Mis18 complex and the CENP-A chaperone HJURP which bears CENP-A-specific nucleosome assembly activity (Dunleavy et al., 2009; Foltz et al., 2009; Fujita et al., 2007) . HJURP and M18BP1 (also known as HsKNL2), a member of the Mis18 complex, are phosphoproteins (Bailey et al., 2016; Dephoure et al., 2008; Kato et al., 2007; McKinley and Cheeseman, 2014; Müller et al., 2014; Silva et al., 2012; Wang et al., 2014) and localize to centromeres in a cell cycle controlled manner, in early G1 phase (Dunleavy et al., 2009; Foltz et al., 2009; Fujita et al., 2007; Maddox et al., 2007) , indicating they are putative targets for Cdk regulation. In addition, recent work has identified the mitotic kinase Plk1 as a critical component to drive CENP-A assembly (McKinley and Cheeseman, 2014) . However, while Plk1 is itself a cell cycle controlled kinase, it does not restrict CENP-A assembly to G1 phase as it is required for both canonical assembly in G1 phase as well as for premature assembly upon Cdk inhibition. In addition, several residues on CENP-A itself are phosphorylated (Bailey et al., 2016; Yu et al., 2015; Zeitlin et al., 2001) . One of these, serine 68, is proposed to phosphorylated by mitotic Cdk activity (Yu et al., 2015) but the relevance of this is being disputed (Fachinetti et al., 2017) and mutation of this residue does not lead to a change in the timing of CENP-A deposition. In contrast, mutations of phospho-residues in HJURP or artificial recruitment of M18α to centromeres has been reported to result in premature centromere recruitment of CENP-A (McKinley and Cheeseman, 2014; Müller et al., 2014) . While these studies point to a contributing role for these factors, they leave open the critical question of which factors are necessary, which are sufficient, how Cdk-mediated control is exerted, and how key proteins are functionally inhibited.
To resolve the specific molecular steps that ensure cell cycle restricted CENP-A assembly, we report full uncoupling of CENP-A assembly from the cell cycle/Cdk regulation. To achieve this, we identified a functional cyclin-interacting domain in HJURP and a critical phospho-site in M18BP1. Simultaneous uncoupling of these factors from cell cycle progression results in a complete reconstitution of CENP-A assembly process prematurely in G2 phase, prior to mitotic exit. Our results identify a dual inhibitory mechanism that is sufficient to maintain cell cycle restricted centromere propagation and define the molecular underpinnings of how assembly is turned on and subsequently turned off.
Results

HJURP is phosphorylated in a cell cycle dependent manner
HJURP, the CENP-A specific chaperone, is a phospho-protein and features several putative Cdk sites ( Figure 1A and (Bailey et al., 2016; Dephoure et al., 2008; Kato et al., 2007; Müller et al., 2014; Wang et al., 2014) , making it a prime candidate for cell cycle control of CENP-A assembly. To quantitatively measure HJURP phosphorylation we used stable isotope labeling by amino acids in cell culture (SILAC) coupled to mass spectrometry. This allowed us, in an unbiased manner, to precisely determine which residues are phosphorylated under high Cdk conditions and how these respond to changes in Cdk activity. Cdk1 levels differ most dramatically between mitosis and G1 phase. We therefore compared levels of phospho-peptides on the prenucleosomal GFP-CENP-A/HJURP complex between populations of mitotically arrested cells and cells that are released from mitotic arrest by Roscovitine-mediated Cdk inhibition ( Figure 1B) . Normal timing and efficiency of CENP-A assembly is preserved under these conditions ( Figure S1 ). We detected 6 phosphorylated residues corresponding to putative Cdk consensus sites within HJURP, all of which were dephosphorylated upon mitotic exit, ranging from 25-70% decrease relative to mitotic values ( Figures 1C, S2 ). Although three of these sites (S412, S448, S473) correspond to reported phospho-sites (Müller et al., 2014; Wang et al., 2014) , our analysis shows that these are neither the sole nor the most responsive sites to inactivation of Cdks, at least in mitosis. In contrast, no change is observed at unphosphorylated peptides of HJURP ( Figure 1C ) nor at Cdk-consensus phospho-sites on the CENP-A N-terminal tail (Bailey et al., 2013) after forced mitotic exit ( Figure 1D ), indicating that protein levels of CENP-A and HJURP remain unaffected (see also Figure S1F , G) and that HJURP is selectively dephosphorylated.
The HJURP conserved domain interacts with Cyclin A and controls timing of CENP-A assembly
Our findings from SILAC experiments led us to focus on HJURP in particular, and determine how its phospho-regulation is coupled to the control of cell cycle timing of CENP-A chromatin assembly. Although the canonical consensus site for Cdks is (S/ T)PX(K/R) (Hagopian et al., 2001; Holmes and Solomon, 1996) , 5 of the 6 phospho-sites in HJURP that are affected by Cdk inactivation display a shorter (S/T)P motif ( Figure 1A ) (Errico et al., 2009) . Phosphorylation of such truncated motifs often requires additional cyclin binding sites for enhanced substrate recognition (Adams et al., 1996; Russo et al., 1996) . Indeed, we found a typical cyclin A binding RxL motif (Brown et al., 2007) within a vertebrate conserved domain (CD) of HJURP, which has no previously described function (Sanchez-Pulido et al., 2009 ). We tested whether HJURP interacts with cyclin A and B, the major drivers of Cdk activity in S/G2 phase and mitosis, respectively, all stages at which CENP-A assembly is inhibited (Silva et al., 2012) . We performed either Cyclin B or Cyclin A co-immunoprecipitation from HEK293T cells in which we ectopically expressed either GFP-tagged HJURP with a mutated RxL motif (RLL>ALA, henceforth referred to as HJURP AxA ), or with a wild type CD. HJURP forms a homodimer (Zasadzińska et al., 2013) . To avoid cross-dimerization with endogenous HJURP, we replaced its C-terminal domain with that of LacI, which does not interfere with the CENP-A chaperoning and assembly activity of HJURP, as described (Zasadzińska et al., 2013 ) (henceforth named HJURPΔCLacI). Cyclin A robustly co-immunoprecipitated GFP-tagged HJURP-ΔCLacI ( Figure 1E and supplemental Figure S3A ). In contrast, GFP-HJURP AxA -ΔCLacI pulldown was reduced by 70% compared to HJURP-ΔCLacI, carrying a wild type CD ( Figure 1F ). Mitotically enriched cells (low cyclin A) were used as a control to demonstrate that HJURP pulldown is cyclin A dependent. Consistent with the fact that inhibition of CENP-A assembly is maintained in mitosis (Jansen et al., 2007) , even though cyclin A is degraded in early mitosis (den Elzen and Pines, 2001; Geley et al., 2001) , we find that like cyclin A, cyclin B can interact with HJURP ( Figure S3B ). However, this interaction is not dependent on an intact CD within HJURP, indicating inhibitory control in mitosis is exerted through a different mechanism.
Our mapping of the principal cyclin A interaction site on HJURP allowed us to determine the consequences of the loss of this interaction for the timing of its localization along the cell cycle. Upon removal of soluble HJURP by pre-extraction we revealed that the stably chromatin bound, pre-mitotic HJURP-ΔCLacI is enriched in nucleoli [as observed previously (Dunleavy et al., 2009) ]. In contrast, HJURP AxA -ΔCLacI targeted to centromeres prematurely in G2 phase, the time of the cell cycle in which cyclin A is the principal cyclin ( Figure 2A ). In addition, we analyzed CENP-A deposition using a SNAP tag-based, fluorescent quench-chase-pulse labeling protocol that we described previously ( Figure 2B ) Silva et al., 2012) . Remarkably, expression of the cyclin A binding mutant of HJURP, but not its wild type counterpart resulted in a precocious deposition of nascent CENP-A in G2 phase. We performed these experiments using HJURP-ΔCLacI to force homodimerization of HJURP AxA . In this way, we show that HJURP AxA itself is a functional assembly factor, independent of wildtype HJURP copies. Consistent with this, downregulation of endogenous HJURP showed no effect on either efficiency or frequency of premature CENP-A loading following GFP-HJURP AxA -ΔCLacI expression ( Figure S4A , B). Either GFP-HJURP AxA -ΔCLacI ( Figure 2B ) or GFP-HJURP AxA (carrying the endogenous C-terminal HJURP dimerization domain) ( Figure 2B″ , S4C) expression result in a similar level of precocious deposition of CENP-A demonstrating that uncoupling is not an artifact of LacI mediated dimerization. Quantitative analysis showed that precocious CENP-A assembly at the centromere reached ~40% of G1 levels ( Figure 2B , see also S4D) [i.e. 20% assembly per centromere, considering the replicated state of sister centromeres in G2 phase, unresolvable by microscopy]. We conclude that the CD of HJURP is a cell cycle control element that interacts with cyclin A. Disruption of this site is sufficient to alleviate at least part of the Cdk-mediated inhibition of HJURP.
Cdk activity controls HJURP localization not its chaperoning activity
Phosphorylation of HJURP could directly interfere with its chaperoning activity, thereby inactivating the key function of the protein. Alternatively, it may sequester an otherwise active HJURP away from the centromere, preventing its untimely recruitment. To distinguish between these possibilities, we fused HJURP to the DNA binding domain of CENP-B (CBdbd)( Figure 2C ). This domain binds specifically to centromeric α-satellite DNA and allows us to drive HJURP to centromeres in G2 synchronized cells, while likely bearing inhibitory phosphorylation due to high Cdk activity. We detected nascent CENP-A-SNAP at G2 centromeres after expression of HJURP-CBdbd-GFP ( Figure 2C , D) but not CBdbd-GFP alone, indicating centromeric localization of HJURP is sufficient to enable unscheduled CENP-A loading. Although HJURP is removed from mitotic chromatin (a process that apparently overrides the DNA binding activity of the CENP-B DNA binding domain), newly loaded CENP-A-SNAP remained associated with centromeres upon entry into mitosis, suggesting it is assembled into centromeric nucleosomes rather than part of an HJURPassociated prenucleosomal complex ( Figure 2C , right). Based on these results, we conclude that Cdk-driven phosphorylation does not interfere with HJURP chaperoning activity, rather it results in sequestering HJURP away from the centromere, preventing its untimely recruitment.
HJURP Serine 210/211 is functionally phosphorylated in G2 phase cells
Next, we determined whether the uncoupling of HJURP from its cell cycle control involves specific phosphorylation sites. Expression of HJURP in which the 6 identified putative mitotic Cdk phospho-residues ( Figure 1C ) were mutated to alanine (either all 6 or combinations thereof) did not result in changes in the timing of CENP-A assembly ( Figure  S5B ), despite previous reports implicating three of these residues [S412, S448, and S472 (Müller et al., 2014) ]. Because we observe premature CENP-A assembly in G2 phase during which cyclin A is the major cyclin, we aimed to identify additional, potentially relevant, phospho-residues in this cell cycle window. We expressed Doxycycline (Dox) inducible 3xFlag-HJURP-ΔCLacI or 3xFlag-HJURP AxA -ΔCLacI in G2 phase enriched HeLa HILO cells (Khandelia et al., 2011) [ Figure 3A , B (see also section below)]. Following 3xFlag-HJURP-ΔCLacI immunoprecipitation, TiO2 phospho-enrichment and mass spectrometry ( Figure 3C ), we identified S210/S211 phosphopeptides (the proximity of these residues prevented us from differentiating S210 vs. S211 as the site of phosphorylation). These phosphopeptides were not detected in mitotically synchronized cells ( Figure 1C ), suggesting differential phosphorylation of HJURP, consistent with our finding that cyclin B also interacts with HJURP but in a CD-independent manner ( Figure S3B ). Further, we found S412 to be the only common phospho-residue between G2 and mitotically synchronized cells ( Figure 3F ). Importantly, the relative abundance of S210/S211 phospho-peptides was substantially reduced on the HJURP AxA mutant in which cyclin A binding is reduced compared to wild type ( Figure 3E ). This suggests that the cyclin A/Cdk complex interaction with HJURP results in phosphorylation of this site.
To test the functional significance of these residues we mutated serines 210 and 211 in combination with serine 412 and expressed HJURP S210A,S211A,S412A -ΔCLacI mutants in G2 phase cells. Quench-chase-pulse labeling of CENP-A-SNAP showed that mutation of these residues to alanine results in low, but detectable levels of nascent CENP-A at centromeres ( Figure 3G, H) . This indicates that cyclin A binding to HJURP in G2 phase results in phosphorylation, at least on serines S210/211 and S412 and that these modifications contribute to preventing premature CENP-A assembly.
HJURP AxA -induced CENP-A assembly in G2 phase is Mis18-dependent
Although HJURP AXA is capable of inducing unscheduled CENP-A assembly, it does so with a relatively low efficiency and centromere specificity as compared to canonical G1 loading ( Figure 2B′ , B″). This indicates that an additional level of cell cycle control exists. A candidate for this is the Mis18 complex, which includes Mis18α, Mis18β and the associated protein M18BP1 (Fujita et al., 2007) . All subunits share a common localization pattern, with highly enriched and centromere specific localization in anaphase, followed by disappearance in mid-G1 (Fujita et al., 2007; Silva and Jansen, 2009 ). Interestingly, we found that premature, HJURP AXA driven CENP-A assembly in G2 phase correlates with low levels of stably expressed GFP-Mis18α at centromeres ( Figure 4A-C) . Moreover, siRNA-mediated depletion of Mis18α leads to a loss of both canonical assembly in G1 phase as well as premature assembly of CENP-A in G2 phase ( Figure 4D ). This demonstrates that HJURP AxA -induced assembly occurs through the canonical assembly pathway and suggests that the partial nature of this assembly is possibly due to low levels of Mis18 complex members at G2 centromeres.
Recruitment of the Mis18 complex to the centromere is controlled by phosphorylation of M18BP1 T653
Previously, we reported that a phospho-dead M18BP1 mutant in which 24 known phosphosites are mutated to alanine, resulted in its premature centromere targeting (Silva et al., 2012) , suggesting that at least one of these sites is regulated by Cdks. We now identified four putative Cdk motifs that are highly conserved among vertebrates, three of which are clustered close to the N-terminus of M18BP1 (T4, T40 and S110), while a fourth (T653) is located between the highly conserved SANTA and SANT domains (Maddox et al., 2007) ( Figure 5A ). Mutation of all 4 sites to alanine leads to a loss of cell cycle controlled localization of M18BP1 ( Figure S6A ). Interestingly, mutation of T653 alone was sufficient to result in premature centromere targeting of M18BP1 with a ~3-fold increase in centromeric levels relative to wild type protein ( Figure 5B ). We generated a phospho-and site-specific antibody against the T653 site and show that pT653 levels rise as cells accumulate in S/G2 and mitosis, correlating with increasing levels of Cdk1 and 2 activities ( Figure 5C ). A brief treatment with Cdk1/2 inhibitor of cells expressing GFP-M18BP1 caused a strong reduction in phosphorylation of T653, suggesting that M18BP1 is a direct target of these kinases ( Figure 5D ).
Further, the M18BP1 T653A mutant co-recruited Mis18α to G2 centromeres, indicative of ongoing Mis18 complex formation independent of T653 phosphorylation ( Figure S6B ). An N-terminal 490 amino acid fragment of M18BP1 was reported to be functional in supporting CENP-A assembly in G1 phase (McKinley and Cheeseman, 2014) , consistent with our finding that mutation of the T653 residue does not abrogate M18BP1 localization, but we now add that this residue controls cell cycle dependent localization. To test whether M18BP1 phosphorylation of T653 results in disruption of the Mis18α interaction, we expressed a translational fusion of wild type or mutant M18BP1 to the CBdbd in cells synchronized in G2 phase (analogous to artificial HJURP tethering, Figure 2C ). Forced recruitment of M18BP1 to centromeres leads to strong co-recruitment of Mis18α to G2 centromeres, suggesting that the Mis18 complex can form under inhibitory Cdk activity, at least at this stage in the cell cycle ( Figure S6C ), although not in mitosis as observed previously (McKinley and Cheeseman, 2014) . Similarly, forced recruitment of a phosphomimetic M18BP1 T653D ( Figure S6C ) or M18BP1 T653E (not shown) mutant is capable of co-recruitment of Mis18α. Thus, we find that mutation of the T653 residue does not disrupt the M18BP1/Mis18α interaction. Rather, its phosphorylation prevents centromere targeting of the Mis18 complex in G2 phase until mitotic exit when Cdk1/2 activities are low.
Cdk-mediated control of M18BP1 and HJURP is sufficient to ensure tight cell cycle timing of centromere propagation
Our results indicate that centromere localization of both HJURP and M18BP1 is blocked by Cdk-mediated phosphorylation, suggesting that combined phospho-control of these protein complexes contributes to cell cycle specific loading of CENP-A. To directly test this, we constructed HeLa HILO cells expressing equal levels of either HJURP-ΔCLacI or HJURP AxA -ΔCLacI ( Figure S7A ) under the control of a doxycycline-inducible promoter at a defined locus using recombination-mediated cassette exchange (RMCE) (Khandelia et al., 2011) . HJURP induction was performed either in cells stably expressing GFP-tagged M18BP1 T653A or expressing endogenous M18BP1 along with CENP-A-SNAP to assay for CENP-A assembly ( Figure 6A) . We compared the efficiency of G2 phase loading to the normal level of assembly in G1 phase. CENP-A assembly in uninduced control G1 cells was equal across all cell lines and essentially completed at the time of fixation ( Figure S7B , C, respectively). As observed after transient expression, induction of HJURP AxA alone resulted in low levels (~20% of G1, when corrected for centromere replication in G2 phase) of CENP-A assembly ( Figure 6B, C, S7D ). Force expression of otherwise wild type but GFPtagged M18BP1 does not enhance the degree of premature CENP-A assembly ( Figure S7E , E′). Conversely, constitutive M18BP1 T653A expression led to infrequent and inefficient recruitment of nascent CENP-A to G2 centromeres ( Figure 6C ). Remarkably, induction of HJURP AxA combined with stably expressed M18BP1 T653A resulted in highly efficient and centromere restricted CENP-A assembly in G2 phase, reaching 93% of G1 control levels ( Figure 6C ). In sum, while disrupting the timing of centromere targeting of either HJURP or M18BP1 results in a limited deregulation of CENP-A assembly, as has been shown previously (McKinley and Cheeseman, 2014; Müller et al., 2014) , we now show that simultaneous uncoupling of both of these proteins leads to full-fledged CENP-A assembly, indistinguishable from canonical G1 phase assembly. These findings strongly suggest that M18BP1 and HJURP are the two principal targets of Cdk-mediated inhibition.
Efficient CENP-A assembly requires displacement of M18BP1 from the centromere
During the course of these experiments, we observed that induction of CENP-A assembly in G2 phase resulted in concomitant loss of centromeric GFP-M18BP1 T653A levels to under 30%, on average, relative to the uninduced control ( Figure 6C, D) . Expression of HJURP AxA -ΔCLacI, but not wild-type HJURP results in GFP-M18BP1 T653A loss, showing that displacement is directly dependent on CENP-A assembly. This suggests that M18BP1 removal is an active, CENP-A loading-dependent process and not a passive consequence of cell cycle progression. To test this directly in G1 cells, we either over-expressed wild type M18BP1 or artificially tethered it to G1 centromeres (using the CBdbd tether) while measuring nascent CENP-A chromatin assembly ( Figure 7A , B). We observe a ~40% reduction in nascent CENP-A fluorescent intensities in either of these conditions ( Figure  7C ). We conclude that while M18BP1 is an essential positive regulator of CENP-A assembly, preventing its turnover by overexpression or by rendering it unable to be removed from G1 centromeres results in defects in CENP-A assembly.
Discussion
We have identified the licensing factor M18BP1 and the CENP-A chaperone HJURP as the two key targets of Cdk-based inhibition sufficient for maintenance of strict cell cycle control of CENP-A assembly ( Figure 7D ). However, we do not exclude that additional levels of regulation exists, e.g. in chromatin maturation steps or in mitotic inhibition (which we find to be controlled in a distinct manner from G2 phase).
Inhibition of CENP-A assembly prior to mitosis at the level of HJURP or M18BP1 alone is incomplete. This is in agreement with previous studies that showed that mutation of HJURP phospho-sites within the HJURP C-Terminal Domain 1 (HCTD1) (Müller et al., 2014) or forced recruitment of Mis18α resulted in precocious CENP-A assembly (McKinley and Cheeseman, 2014) . We note that in our system, mutation of the HCTD1 phosphosites did not result in precocious CENP-A assembly ( Figure S5B ). This discrepancy is likely the result of expression level differences between the cell types used in each study [ Figure S5C and (Bodor et al., 2014) ].
We provide evidence that the primary mechanism of Cdk-mediated inhibition is to prevent, otherwise active, factors from reaching the centromere ( Figures 2C, S6B, C and 7D ). We propose that phosphorylation blocks the ability of M18BP1 and HJURP to bind to a partner(s) already docked at the centromere. M18BP1 interacts with CENP-C which is a constitutive core component of the centromere (Dambacher et al., 2012; Hori et al., 2013; Moree et al., 2011; Nardi et al., 2016; Stellfox et al., 2016) . In turn, the prenucleosomal HJURP/CENP-A complex binds to the Mis18 complex (Nardi et al., 2016; Wang et al., 2014) . Our proposal is consistent with a recent report describing an interaction between HJURP and the Mis18 complex subunit Mis18β, that is reduced upon Cdk phosphorylation, in vitro (Wang et al., 2014) .
Recent studies have reported cell cycle regulated phosphorylation of CENP-A itself (Yu et al., 2015) or Plk1-mediated modification of M18BP1 (McKinley and Cheeseman, 2014) . While, the latter is required for Mis18 complex localization upon mitotic exit, none of these modifications directly dictates the G1 restricted CENP-A assembly. Therefore, while key positive regulatory events also involve phospho-regulation (which may include some of the novel phosphorylation sites that we identified on HJURP), we defined the specific targets and mechanisms of the inhibitory control that is responsible for limiting CENP-A assembly to G1 phase. Rather than relying on a single tightly regulated factor, the combinatorial action of two layers of control synergizes to efficiently restrict CENP-A assembly to early G1 phase.
The designation of the Mis18 complex as a priming (licensing) factor was originally inspired by its temporal centromere localization that initiates in anaphase, before the onset of CENP-A assembly (Fujita et al., 2007) . This is analogous to licensing of DNA replication by the assembly of the pre-replication complex (pre-RC) in early G1 phase (Nishitani and Lygerou, 2002) , the S-phase removal of which ensures a single round of genome duplication per cell cycle (Blow and Dutta, 2005; Blow and Hodgson, 2002) . Analogously, we find that removal of M18BP1 from the centromere is directly coupled to the onset of CENP-A deposition, at least under induced conditions in G2 phase, providing a causal link between efficient CENP-A assembly and M18BP1 displacement from the centromere.
These results reveal novel parallels between DNA replication and CENP-A-chromatin, manifested in consumption of the licensing factor which is directly instigated by the start of duplication of the heritable mark. These findings are consistent with a recent study showing that nascent CENP-A/HJURP binding to the Mis18 complex in vitro leads to the disassembly of this complex (Nardi et al., 2016) , suggesting that Mis18 complex disassembly could be a mechanism to turn off CENP-A chromatin assembly. We show that not only does CENP-A assembly result in Mis18 complex removal (as shown by (Nardi et al., 2016) ) but that this is a requirement for efficient loading of CENP-A. Two possible implications follow from these observations. First, while M18BP1 is required for recruitment of nascent CENP-A to centromeres, its presence may physically block completion of the assembly process. By direct binding to CENP-C (Dambacher et al., 2012; Moree et al., 2011; Shono et al., 2015; Westhorpe et al., 2015) which in turn interacts with CENP-A (Falk et al., 2015; Guse et al., 2011; Kato et al., 2013; Logsdon et al., 2015) , it is possibly that M18BP1 physically marks the site of incorporation for nascent CENP-A. Inability to remove M18BP1 would therefore provoke steric inhibition, resulting in low rates of CENP-A incorporation. Secondly, given the key role in initiation of CENP-A loading, removal of M18BP1 from centromeres provides an "OFF" switch for the process of assembly, thereby contributing to a tight cell cycle window ensuring a single round of CENP-A incorporation per cell cycle.
Experimental Procedures
Cell synchronization Double Thymidine-based synchronization was performed as described . For Mitotic synchronization, 2,4 μM of EG5 inhibitor III Dimethylenastron-DMEIII (Calbiochem) was used for 24h. For synchronous mitotic exit, following DMEIII washout, HeLa and Hek293T were released for 5h and 7h, respectively. For Figure 2C , Nocodazole was used at 100ng/ml.
Co-Immunoprecipitation
HEK293T cells were transiently transfected with GFP-tagged constructs. 24h posttransfection cells were either allowed to continue to cycle or were treated overnight in DME III to induce mitotic arrest. Cells were harvested 48h post-transfection and subjected to cyclin A or B immunoprecipitation (See also supplemental experimental procedures). Isolated complexes were separated by SDS-PAGE followed by immunoblotting with antiCyclin A, ( Figure 1E ) or anti-Cyclin B (both Santa Cruz) ( Figure S3B ) and anti-GFP (Chromotek) antibodies and detected on an Odyssey near-infrared scanner and quantified using the Odyssey software (see also (Bodor et al., 2014) ).
SILAC and affinity purification of prenucleosomal HJURP/CENP-A/H4 complex
SILAC labeling medium was supplemented with normal lysine and arginine (SigmaAldrich) for "light" medium, and 50 mg/L 13 C 6 , 15 N 2 -lysine and 50 mg/L 13 C 6 , 15 N 4 -arginine (Silantes) for "heavy" medium (See also supplemental experimental procedures). Two parallel cultures of previously characterized HeLaS3 cells stably expressing (LAP)-tagged CENP-A (Bailey et al., 2013) were grown in either heavy or light medium until reaching ~98% labeling efficiency. To enrich for mitotic cells, both cultures were treated with 50 μM S-trityl-L-cysteine for 17 h. Subsequently, the "light" cells were treated with 100 μM RRoscovitine (AdipoGen) for 30 min while the "heavy" cells were mock-treated with DMSO. Affinity purification of the prenucleosomal HJURP/CENP-A/H4 complexes from 1:1 mixed "light" and "heavy" cells was performed as previously described (Bailey et al., 2013) except that protein elution was performed with 2% SDS and heating at 95°C.
Mass spectrometry and data analysis
Purified CENP-A and associated proteins were precipitated, washed and dried. Following reconstitution, proteins we cleaved with trypsin and phosphopeptides were enriched by TiO2 prior to mass spec analysis (See supplemental experimental procedures for details). Extracted-ion chromatograms (XICs) of each light and heavy peptide pair were used for quantification. L/H ratio represents the ratio of total area under each elution peak.
Affinity purification of 3XFlag-HJURP wt/AxA -ΔCLacI and Mass spectrometry
HeLa HILO RMCE cell lines carrying either 3XFlag-HJURP-ΔCLacI or 3xFlag-HJURP AxA -ΔCLacI were enriched in G2 phase as described (see cell synchronization) and induced with 10μg/ml of Doxycycline (Sigma) for 24h. HJURP was affinity purified using anti-Flag M2 mouse agarose beads (Sigma-Aldrich) as described (see Co-Immunoprecitation), followed by SDS-PAGE separation of bound complexes, staining (by Instant Blue, Expedeon) and subsequent HJURP band excision, in-gel trypsin digestion and phosphopeptide enrichment by TiO 2 . Samples were run on a Q Exactive mass spectrometer coupled with Easy nLC 1000 HPLC. MaxQuant was used to search the human protein database and identify peptide sequences and extract their ion chromatograms.
SNAP Quench-Chase-Pulse Labeling
Cell lines expressing CENP-A-SNAP were pulse labeled as previously described , with exception of HeLa HILO derived cell lines where BTP (New England Biolabs) concentration was adjusted to 0,5 μM.
Immunofluorescence and pre-extraction procedure
Procedures are essentially as described ) (See also supplemental experimental procedures). To detect GFP-HJURP AxA -ΔCLacI on G2 centromeres, HeLa CENP-A-SNAP cells transiently expressing the construct were pre-extracted for 5min prior to fixation. Cells were counterstained using anti-CENP-T (Barnhart et al., 2011) and antiAurora B (1:100; BD transduction laboratories). GFP-HJURP AxA -ΔCLacI signal was amplified using GFP-Booster Atto488 (Chromotek).
Microscopy
Imaging was performed using a DeltaVision Core system (Applied Precision) inverted microscope (Olympus, IX-71), coupled to a Cascade2 EMCCD camera (Photometrics). Images (1024×1024) were acquired at 1 x binning using a 100x oil objective (NA 1.40, UPlanSApo) with 0, 2 μm z sections.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. (A) HeLa CENP-A-SNAP cells were transiently transfected with indicated constructs and Thymidine synchronized to enrich cells in G2 phase. Cells were permeabilized prior to fixation and counterstained for Aurora B, CENP-T and DAPI to distinguish between G2 and early G1 cell cycle phases, centromere localization and DNA, respectively. GFP booster was used to amplify GFP-HJURP fluorescent signal. (B) Experiments were performed as in Figure 2A except here CENP-A assembly was assayed using SNAP TMR-labeling of its S phase synthesized pool. Following fixation, cells were counterstained for cyclin B and DAPI to indicate G2 status and DNA, respectively. (C) Cell pellets obtained from experiment in (B) were subjected to immunoprecipitation using Flag-coupled agarose beads to isolate 3xFlag-HJURP-ΔCLacI, separated on SDS-PAGE followed by Coomassie-based excision of HJURP proteins. Purified proteins were subjected to trypsin digestion, phosho-peptide enrichment, followed by LC-MS/MS analysis. Mol Cell. Author manuscript; available in PMC 2017 January 20.
